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Abs t rac t 
A m i c r o f a b r i c a t e d  s i l i c o n  
based magnetic microactuator is 
described. T h e  microfabrication. 
the actuator configuration and 
the dynamic characteristics of a 
fabricated microactuator with a 
planar coil are emphasized. T h e  
microactuator is shown to oper- 
ate in the nanometer range. I t  
has a conical soft-magnetic tip 
10 microns high with a one-turn 
copper coil. This actuator will 
be a p p l i e d  t o  m i c r o v a l v e s ,  
micropumps and microsyringes. 
Introduction 
S i l i c o n  m i c r o m a c h i n i n g  h a s  
b e e n  u s e d  to p r o d u c e  v a r i o u s  
micromechanical devices. S o m e  
r e p o r t s  o f  mi c r o m e c h a n  i c a  1 
devices have been published, but 
few applications o f  electromag- 
net ic force to microactuators 
h a v e  b e e n  r e p o r t e d .  T h e r e  is 
general interest in using the 
m a g n e t i c  f o r c e  b e c a u s e  i t  
d ominates in the m a c r o - w o r l d ,  
and because i t  will also create 
actuators with optimum perform- 
a n c e  f o r  a p p l i c a t i o n  i n  t h e  
micro-world. 
by silicon micromachining are 
investigated for measuring o r  
controlling the flow of a small 
amount of l i  u 'd o r  gas. O h n -  
stein et al. demonstrated a 
microvalve for controlling gas 
f l o w .  T h i s  v a l v e  o p e r a t e s  by 
movement of a plate pulled by 
electrostatic force. Esashi et 
Some microvalves fabricated 
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F i g .  1 C o n f i g u r a t i o n  o f  t h e  
magnetic microactuator 
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F i g .  2 Fabrication o f  the mag- 
net ic microactuator 
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al. ( 2 )  u t i l i z e  a stack piezo- 
electric actuator for moving the 
d i a p h r a g m  of a micropump. R e -  
cent ly W a g n e r  a n d  B e n e ~ k e ' ~ )  
reported a microactuator driven 
by a permanent magnet wound with 
several coil turns. 
microvalve for turning on o r  off 
a very small amount of liquid o r  
gas and d e s c r i b e s  its dynamic 
and static characteristics. I t  
uses a soft-magnetic micro-tip 
driven by a one-turn coil. 
T h i s  p a p e r  i n t r o d u c e s  a 
Fabrication 
T h e  c o n f i g u r a t i o n  o f  t h e  
magnetic micro-actuator is shown 
in Fig.1. I t  consists of a coil 
for generating a magnetic field, 
a suspension spring for support- 
ing a magnetic t i p ,  and a mag- 
netic micro-tip. T h e  spring and 
tip are made of soft-magnetic 
NiFe a 1 1  o y .  T h e  N i F e  f i Ims are 
formed by ion beam sputtering 
and patterned by inn milling. 
Three t ip-suspension methods are 
adopted, cantilever beam, fixed 
beam, gimbal to achieve a long 
translation displacement. 
F i g u r e  2 s h o w s  the fabrica- 
t i o n  p r o c e s s .  A t h i n  f i l m  of 
NiFe is formed on the surface of 
a Si ( 1 0 0 )  wafer, which has Si02 
film o n  t h e  b a c k  s i d e .  A f t e r  
openings for back-etching are 
patterned on the backside, the 
beam is patterned o n  the front 
surface. A m i c r o - t i p  is fabri- 
d by a modified Spindt et 
al. method. T h e  tip is formed 
at the center o f  a fixed beam o r  
at the end of a cantilever beam 
in the following way. A remova- 
ble layer (hard cured photore- 
sist) and an A1 patterning layer 
are in turn sputtered onto the 
beam. A n  orifice is formed in 
the AI layer a n d  a n  u n d e r c u t  
hole is created in the removable 
layer by oxygen plasma etching. 
A conical micro-tip is formed by 
F i g .  3 SEM m i c r o g r a p h  o f  a 
cantilever beam actuator. ( a )  
The micro-tip (NiFe) is deposit- 
ed o n  the e n d  of a N i F e / S i O Z  
beam. ( b )  Enlarged view o f  the 
micro-t ip 
Fig 4 SEM micrograph o f  a fixed 
b e a m  a c t u a t o r .  T h e  b e a m  a n d  
micro-tip consist o f  NiFe 
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N i F e  s p u t t e r i n g  t h r o u g h  t h e  
hole. F i n a l l y  t h e  r e m o v a b l e  
layer is lifted off and the back 
side of the Si wafer is etched 
with a heated KOH solution. 
actuator with cantilever beam is 
shown in Fig.3. T h e  beam is 0 . 2  
mm long. 20 microns wide, and 4 
microns thick (NiFe/Si02 double 
layer). T h e  m i c r o - t i p  is 1 0  
microns high. 
F i g u r e  4 shows a fabricated 
fixed beam actuator. The beam is 
0 . 4  m m  long, 20 microns w i d e ,  
and 1 micron thick. T h e  micro- 
tip is 10 microns high. 
A fabricated magnetic micro- 
Characteristics 
The system for measuring the 
dynamic and static characteris- 
tics of the magnetic microactu- 
ator is s h o w n  schematically in 
Fi 5 An optical pick up meth- 
od75). is u s e d  t o  m e a s u r e  t h e  
displacement o f  microtip which 
results from the magnetic force 
exerted by the coil. T h e  laser 
spot diameter on the specimen is 
2 microns. The system has a high 
displacement resolution of less 
than 1 nm and works even at the 
frequency of 10 kH z .  Figure 6 
shows the frequency and the step 
response characteristics of a 
cant i lever type actuator whose 
microtip is driven by an exter- 
nal coil set parallel to the 
beam. T h e  coil has 15  turns ( 1 . 2  
mm d i a m e t e r ) .  T h e  d i s t a n c e  
between microtip and coil is set 
to 0 . 3  mm. Figure 6(a) shows the 
transition response driven to a 
rectangular mode drive current. 
F i g . G ( b )  s h o w s  t h e  r e l a t i o n  
between the displacement of the 
microtip and the frequency. The 
resonant frequency of this beam 
is estimated from the transmis- 
sion characteristics to be 1 0  
k H z .  T h e  d i s p l a c e m e n t  o f  t h e  
beam tip is about 2 0  n m  at the 
frequency of 70 H z  and current 
O p t i c a l  p i c k  up 
n 
M i c r o - t i p  
Fig. 5 System for measuring the 
dynamic and static characteris- 
tics of the microactuator 
F i g .  6 C h a r a c t e r i s t i c s  o f  a 
c a n t i l e v e r  b e a m  d r i v e n  by an 
external coil parallel to the 
beam. (a) Frequency characteris- 
tics show that resonant frequen- 
cy is a b o u t  1 0  K H z .  ( b )  S t e p  
response characteristics s h o w  
that displacement is 20 n m  at 
the f r e q u e n c y  o f  7 0  H z  a n d  
driving current o f  65 mA 
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U 0 . 2  mm 
F i g .  7 P h o t o g r a p h s  o f  a gimbal 
suspension microactuator with a 
one-turn planar coi I .  ( a )  over- 
all. ( b )  t u p  v i e w ,  ( c )  bottr~m 
view 
o f  6 5  mA for generating the mag- 
netic force. T h e  magnetic force 
e s t i m a t e d  f r o m  t h e  m a g n e t i c  
field gradient generated by the 
coil is on the order of lO-’N. 
T h e  displacement of the beam tip 
produced by this force is about 
15 n m .  T h i s  value agrees w i t h  
the measured one, 2 0  nm. 
F i g . 4  n o  d i s p l a c e m e n t  c a n  be 
d e t e c t e d ,  e v e n  w i t h  a d r i v i n g  
current of more than 2 0 0  mA. 
type) actuator integrated with a 
planar one-turn coil on chip is 
used. Figure 7 shows a fabricat- 
ed microactuator (the Cu coil is 
10 m i c r o n s  t h i c k ) .  F i g u r e  8 
shows the measued frequency and 
step response c h a r a c t e r i s t i c s .  
T h e  displacement o f  the tip a t  
t h e  c e n t e r  o f  t h e  g i m b a l  is 
about 2 n m  at the frequency o f  
70 Hz and driving current o f  6 5  
mA . 
between the current driving the 
one-turn coil and the displace- 
ment of the t i p .  T h e  displace- 
ment is different f o r  positive 
and n e g a t i v e  c u r r e n t .  T h i s  is 
probably caused by hysteresis in 
the soft-magnetic tip. 
For the fixed beam shown in 
Another fixed-beam (gimbal 
F i g u r e  9 sh o w s  the relation 
F i g . 8  F r e q u e n c y  a n d  s t e p  r e -  
s p o n s e  c h a r a c t e r i s t i c s  o f  the 
a c t u a t o r  shiiwn in F i g  7. T h e  
d i s p l a c e m e n t  i s  2 n m  a t  t h e  
f r e q u e n c y  o f  70 H z  a n d  d r i v i n g  
current i i f  6 5  m A  
-300 - 2 0 0  - 1 0 0  0 100 200 300 
Drive current (mA) 
Fig 9 Relation between the one- 
turn coil drive current and tip 
displacement 
-
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T h i s  p a p e r  d e s c r i b e s  t h e  
characteristics of three types 
of magnetic microactuator made 
by silicon-based microfabrica- 
tion. A fine-patterned microac- 
tuator c a n  be obtained by the 
p l a n a r  p r o c e s s e s  of ion b e a m  
deposition and ion beam etching. 
Operation o f  a fabricated micro- 
actuator by an integrated drive 
coil o n  c h i p  is confirmed. A n  
actuator consisting of a beam, a 
m i c r o - t i p  a n d  a c o i l  will be  
applied to microvalves. micro- 
p u m p s  a n d  m i c r o s y r i n g e s  f o r  
controlling the flow o f  a very 
small amount o f  liquid o r  gas. 
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